Introduction
[2] Thermospheric wind has a great impact on the ionosphere at all latitudes. It can be measured by remote sensing of the Doppler shift in the O 630 nm airglow, which peaks at 250 km. However, it is extremely difficult to measure daytime thermospheric winds from ground-based optical instruments due to the high solar scattering background [Cocks et al., 1980] . A ground based FPI needs a multi-etalon system to reduce the background. Moreover, the background is not uniform but has shifting Fraunhofer lines that require frequent monitoring of the solar spectrum. The sky condition for these measurements has to be perfect. Furthermore, the Fraunhofer lines have a ring effect that further complicates the data processing. For example, Gerrard and Meriwether [2011] reported a dayglow wind error as large as 70 m/s from a ground-based FPI over a 20-minute averaging. Satellite limb-scan instruments on DE-2 and UARS have observed thermospheric winds globally [Killeen and Roble, 1988; Hays and HRDI Science Team, 1992; Shepherd et al., 1993] . These missions have laid the foundation of our understanding of the thermosphere. CHAMP and C/NOFS satellites have also observed thermospheric winds in-situ. Satellite instruments, however, cannot provide local high temporal resolution data. Hence, there is still a large daytime coverage gap. At high latitudes, ground based observations are mostly made during the winter season [Wu et al., 2008; Killeen et al., 1995; Thayer et al., 1995; Aruliah et al., 1996] . Because of the coverage gap, our understanding of thermosphere and ionosphere interaction may well be biased towards the nighttime. Thermospheric wind data are needed to calculate Joule heating, which has a direct impact on the thermosphere global circulation and causes ionosphere variations. Without accurate thermospheric wind measurements, it is impossible to understand the ionosphere fully.
[3] To provide thermospheric wind observations during both day and night, a balloon borne FPI, HIWIND, was constructed. HIWIND overcomes the high solar scattering background by flying at a 40 km altitude where the solar scattering is only 0.1% of that at sea level. In this paper, the observational results from the first HIWIND flight on June 14, 2011 are presented. First a brief description of the instrument is provided. Then, HIWIND thermospheric wind data and simultaneous ionosphere observations by an incoherent scatter radar (ISR) are analyzed and presented. The results are compared with a physical thermosphere and ionosphere model. Finally, findings are summarized.
Observations and Results
[4] Figure 1a shows the internal structure of the HIWIND instrument, which is a single etalon FPI. The instrument has a sky scanner that allows viewing in the four orthogonal directions with a 50-degree elevation angle. A 5-position filter wheel enables the instrument to observe different airglow emissions. A 4-inch clear aperture etalon with 2 cm spacing is mounted inside an environmentally controlled chamber to ensure the stability of the etalon. An objective lens below the etalon chamber focuses the interferometer fringes onto a CCD camera. The instrument is enclosed in a pressure vessel (PV) that maintains a pressure of 1 atm. During the climb phase, the payload experiences extreme cold temperatures in the stratopause. At float height, the payload is under constant sun and can overheat. Because of these thermal conditions, the PV is insulated and actively cooled to protect the electronics inside. A rotator points the gondola towards the sun during the day and north during the night with a jitter less than 1 degree. Long baffle tubes are mounted outside the four viewing windows to reduce the sun scattered light. The etalon and other optics are similar to a ground-based instrument built by NCAR currently deployed at Resolute, Canada [Wu et al., 2004] , which is used to estimate the performance for HIWIND. HIWIND shares the same data analysis method used for the Resolute FPI, which was based on work by Niciejewski et al. [1994] . At nighttime, the Resolute FPI thermospheric wind error ranges between 3 and 6 m/s with a 5-minute integration time. The 630 nm dayglow intensity is $10 times stronger than the nightglow. With 1-minute integration, the HIWIND airglow signal should be 2 times of the nightglow with a 5-minute exposure. Hence, without considering the background, the error should be reduced by a factor 1.4 following the Poisson noise variation with photon counts. The sky background at balloon height is still higher than that at night and determines the overall wind error from photon statistics, which is about 15 m/s (1 minute exposure). This represents a giant leap in data quality over the reported 70 m/s wind error from a ground based FPI with 20 minute averaging. It illustrates how critical to fly an FPI on a balloon at 40 km, where the background and Fraunhofer line are reduced by a factor of 1000. At this height, the ring effect is no longer an issue. A single etalon system also allows more signal throughput and more FPI fringes. An example of HIWIND spectral data is shown in Figure 1a . The spectral fringes are very clear. Because the NASA rotator maintains 1 deg pointing stability during 1-minute exposures, the wind uncertainty due to the pointing error should be less than 4 m/s assuming that the wind speed is $200 m/s. In most cases, the wind speed was less than 200 m/s. The zero wind values are obtained by averaging winds from the four orthogonal directions assuming zero divergence and small vertical winds compared to horizontal winds.
[5] HIWIND was launched on June 14, 2011 from Kiruna, Sweden (67.8 N, 20 .4 E) and drifted westward with a speed ranging from 10 to 20 m/s. The balloon speed was taken into account in the Doppler shift measurements of the thermospheric wind. HIWIND landed on the Boothia Peninsula in Canada on June 17, 2011. Figure 1b shows the flight path of HIWIND. Kiruna is an auroral zone site that enters the auroral oval around 21 UT and exits at $3 UT under relatively quiet geomagnetic conditions (Kp $ 2). The instrument provided nearly continuous observation for 2 days during June 14 and 15 before an instrument power problem prevented more observations. The EISCAT ISR at Tromso and Kiruna provided $20-hour observation of ion drift and other ionosphere measurements on June 14. During most of the day, the Kp was about 2 or lower, except when the IMF B z turned southward briefly near 8 UT and elevated the Kp index to about 3+. The meridional and zonal winds from HIWIND are plotted in Figures 2a and 2b (different blue symbols with error bar for winds sampled on the two sides of HIWIND). The EISCAT ISR measurements of ion drift are also plotted in the figure (red line). For comparison the National Center for Atmospheric Research (NCAR) Thermosphere Ionosphere Electrodynamics General Circulation Model (TIEGCM) Richmond et al., 1992] predicted winds are also plotted (green lines, dashed for Burnside factor 1.5 and solid 0.85). The NCAR TIEGCM is a time-dependent, three-dimensional model of the coupled thermosphere and ionosphere system. The high latitude ion convection pattern is specified by the Heelis et al. [1982] model driven by geophysical indices. Figure 2c is a polar plot of the HIWIND wind (blue), EISCAT ion drift (red), and TIEGCM simulated wind (green). Since HIWIND has four viewing directions, it measured the winds on the poleward side and equatorward side of the flight path. The two swaths of wind vectors are from the two sides of the flight path.
Discussion

Comparison With TIEGCM
[6] A significant feature of HIWIND data is persistent equatorward neutral winds at all local times compared to the TIEGCM simulation (Figure 2a ). It appears that the TIEGCM has a strong antisunward forcing component causing an antisunward wind (poleward wind) during local noon. The polar plot of the HIWIND and EISCAT data ( Figure 2c ) shows a convection pattern that is tilted toward the pre midnight sector. This is consistent with a positive IMF B y condition configuration for the ion and neutral convection in the Northern Hemisphere.
Ion Neutral Interaction
[7] Simultaneous nighttime observations of ion drifts and neutral winds at high latitudes have been performed in the past [Wickwar et al., 1984; Titheridge, 1991; Witasse et al., 1998; Davis et al., 1995; Farmer et al., 1990; Griffin et al., 2004a Griffin et al., , 2004b . FPI thermospheric neutral wind and ISR ion drift measurements were used to estimate the O + -O collision frequency. Along the geomagnetic field line, the ion motion is governed by ambipolar diffusion. There is still a great deal of uncertainty in the ion-neutral collision frequency calculation. Because of the lack of the O density measurements, empirical model MSIS values are usually used [Hedin, 1991] . Based on the theoretical calculation of the collision frequency between O + and O [Banks, 1966] and the empirical MSIS O density, field aligned neutral wind may be estimated from the ion drift. However, these winds often disagree with FPI observed winds. To reconcile the differences, Burnside et al. [1987] introduced a correction factor for the O density, later called the Burnside factor. Various estimations of the Burnside factor were made based on this method [e.g., Sipler et al., 1991; Buonsanto et al., 1992 Buonsanto et al., , 1997 Salah, 1993; Lathuillere et al., 1997; Davis et al., 1995; Farmer et al., 1990 ] . The Burnside factor can also be estimated using the energy balance method based on daytime radar data [Oliver and Glotfelty, 1996; Schoendorf and Oliver, 1998; Nicolls et al., 2006] . Until recently, the Burnside factor values from this method were mostly less than one. Nicolls et al. [2006] reported that the value could vary from 0.85 to 1.2.
[8] At Kiruna, observations of the Burnside factor did not all agree. Lathuillere et al. [1997] reported a Burnside factor of 1. However, Witasse et al. [1998] reported large differences with the FPI observations when this value was used. Earlier Davis et al. [1995] was able to bring the EISCAT and FPI data closer with a Burnside factor of 1.2. The nighttime FPI observation limitation had a large impact, since the nighttime electron density is much lower and results in large uncertainties in the ion drift measurement. HIWIND has the advantage of being able to observe in the daytime, when the EISCAT measurement has a much better signal to noise ratio.
[9] The ambipolar diffusion velocity is related to various forcings on the ions [Wickwar et al., 1984] .
[10] The ion diffusion velocity is calculated as follows [Hagan, 1993] :
where, z is the altitude, D a is the ambipolar diffusion coefficient, I is the magnetic inclination, T i is the ion temperature, T n is the neutral temperature, T e is the electron temperature, N is the electron density, m i is the ion mass, k is the Boltzmann constant. The third term in the bracket is thermal diffusion. At 250 km, the ion diffusion velocity is downward (negative). The ambipolar diffusion coefficient is given as:
, where, n in is the collision frequency for O + .
[11] Using cross section coefficients from Banks [1966] and considering only O, N 2 , and O 2 contributions to the collision frequency, we have [Hagan, 1993; Buonsanto et al., 1997] :
where, F is the Burnside factor, and [O] , [N 2 ], and [O 2 ] are densities for these species in m À3 . In our calculations, these densities are from the MSIS90E model [Hedin, 1991] . There are other renditions of these formulas. For example, Pesnell et al. [1993] provided a different collision frequency coefficient that would result in different Burnside factor values. In order to have a good comparison with past results, the above formulas are used. The field aligned neutral and ion motions are linked by the following formula: U k = V k À V diff ,where, U || and V || are the field aligned neutral wind and ion drift (positive is upward ). Unless V || is downward with a magnitude larger than V diff , U || will be positive. Based on EISCAT ISR measurements of V || , T e , T i , N and the MSIS neutral temperature profile, the field aligned neutral wind is calculated. The horizontal wind at the magnetic north from the EISCAT data (positive northward) is given,
where, U vertical is the vertical wind (positive upward). The vertical wind can be ignored under geomagnetic quiet conditions. If there are upward (positive) vertical winds, then the magnetic meridional winds will shift more northward. Based on equation (3), horizontal winds are calculated from EISCAT field aligned ion drift. The Burnside factor is estimated by minimizing the difference between the EISCAT derived and HIWIND observed horizontal winds. This is the same momentum balance method used by Burnside et al. [1987] and Sipler et al. [1991] . Figure 3 shows the average square of the residual difference between the EISCAT derived magnetic northward wind and the HIWIND observed wind versus the Burnside factor. The Burnside factor is more effective in reducing the differences between the two data sets when it is less than 1 and the data have a tendency to produce a larger Burnside factor. The residual difference reaches a minimum when the Burnside factor is 0.85. Since the magnetic northward wind derived from EISCAT has an error of $10 m/s (from the uncertainty in the vertical ion drift) and the HIWIND wind error is about 15 m/s, the combined error will cause uncertainty in the Burnside factor determination. In Figure 3 , the value of the expected increase from the minimum difference in the two data sets due to these error sources is plotted as a horizontal line, from which the lower and upper bounds of the Burnside factor are estimated (0.55 and 1.40, respectively). The distribution is not symmetric. Figure 4 shows the EISCAT derived winds with a Burnside factor of 0.85 (green points) and the HIWIND observed winds (blue points). After 16 UT the EISCAT winds are more southward than those from HIWIND. Similar differences between the nighttime EISCAT and Kiruna FPI Figure 3 . Differences between HIWIND and EISCAT derived magnetic meridional wind versus the Burnside factor. The EISCAT and HIWIND data before 16 UT were used in the calculation. A horizontal line above the minimum value marks the increase that can be caused by measurement errors in vertical ion drift and horizontal winds.
winds were also reported by Witasse et al. [1998] . We believe the difference may be due to the passing of the auroral oval overhead, where strong horizontal ion drift leads to significant Joule heating and upward vertical winds. Large vertical winds break down our assumption in calculating the horizontal winds from the EISCAT measurements resulting in large discrepancies. For that reason, in our earlier calculation of the Burnside factor from the EISCAT data, we did not use the data after 16 UT. However, if we introduce linearly varying vertical winds from 6 m/s at 16 UT to 27 m/s at 20 UT, and a constant 8 m/s after 20 UT to our calculation of the EISCAT derived winds (red points) then the two data sets become more consistent with each other after 16 UT. The EISCAT derived winds after 20 UT are not reliable due to low electron density and auroral activities. This is one way to bridge the difference between the EISCAT and HIWIND observed winds on the nightside. Another is to have a larger Burnside factor on the nightside. Davis et al. [1995] reported a Burnside factor of 1.2. Had they used 0.85, they would have the same discrepancy we see here. Given that Oliver and Glotfelty [1996] reported a large day-to-day variation of Burnside factor, a varying Burnside factor scenario cannot be ruled out.
[12] HIWIND showed no poleward wind near local noon, whereas Witasse et al. [1998] reported a poleward wind $20 m/s (EISCAT derived) during summer under solar minimum. A smaller Burnside factor would bring the meridional wind of Witasse et al. [1998] more equatorward and closer to the HIWIND results. A smaller Burnside factor also means the pressure gradient will play a more important role in determining the neutral wind circulation and a smaller effect from the ion drag. To investigate the effect of a smaller Burnside factor, the model is run with value 0.85 and 1.5 (the value in current version). Both results are shown in Figures 2a and 2b (green solid is 0.85 and green dashed is1.5), which are very close. This demonstrates that reducing Burnside factor did not bring the TIEGCM and HIWIND results closer. A test run with zero cross-polar cap potential (not shown) still shows similar poleward winds on the dayside. It appears that a sunward forcing on the dayside is needed to counter the poleward pressure gradient in the TIEGCM. There is enhanced Joule heating near the cusp, which is located poleward of the Kiruna [Crowley et al., 2010] . It is possible that this enhanced cusp heating may produce sufficient sunward forcing and causes all equatorward winds shown by HIWIND. A further investigation on the effect of this enhanced heating is underway and will be reported in a separate paper.
[13] HIWIND results also shed light on the past discrepancy between the Burnside factor values from the daytime energy balance method and from the nighttime momentum balance method. The Burnside factor obtained from the daytime HIWIND momentum balance method is consistent with the daytime energy balance method value (0.86) from Schoendorf and Oliver [1998] using the June 14, 2011 f10.7 index value (102.5). HIWIND confirms that Burnside values would be different based on the dayside and nightside (white nights) data, respectively, without introducing positive vertical winds on the nightside. What is significant is that this discrepancy is shown in a single momentum balance method, which means that the discrepancy is not due to differences in methodology.
Summary
[14] HIWIND is the first balloon borne FPI for thermospheric wind observation. During its successful maiden flight in June 2011, the HIWIND data showed mostly equatorward thermospheric wind even at the local noon, which is different from the TIEGCM prediction. By comparing the HIWIND observation with the EISCAT ISR observation, a Burnside factor of 0.85 was obtained on the dayside. On the nightside, either some upward vertical winds or a larger Burnside factor is needed to bring the HIWIND and EISCAT data closer. The HIWIND results are consistent with past results from the energy balance method in daytime. By being able to observe thermospheric wind during both day and night, HIWIND opens up many new possibilities for future exploration of the thermosphere and ionosphere. The data offers validation opportunity for TIEGCM not previously available and more investigation is needed to understand the discrepancy between the model and observations.
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